Zearalenone (ZEA) is a mycotoxin produced by various Fusarium fungi, which has been shown to cause several cases of mycotoxicosis in farm animals and humans. However, there is no evidence regarding the effect of ZEA on mouse egg developmental competence. In this study, we found that the activation rate of maturated oocytes was affected in mice by ZEA treatment, indicating that ZEA affects egg developmental competence. And we explored possible mechanisms of low mouse maturated oocyte developmental competence after ZEA treatment from an epigenetic modification perspective. The fluorescence intensity analysis showed that 5-methyl cytosine level increased after ZEA treatment, indicating that the general DNA methylation level increased in the treated eggs. Moreover, histone methylations were also altered: H3K4me2 as well as H3K9me3 and H4K20me1, me2, me3 levels decreased in eggs that were cultured in high-dose ZEA medium. Thus, our results indicated that ZEA decreased egg developmental competence by affecting the epigenetic modifications.
Introduction
Zearalenone (ZEA) is a mycotoxin produced by various Fusarium fungi. Animals and humans consuming contaminated food products may be exposed to the chemical (1, 2) . ZEA is a non-steroidal oestrogen Fusarium mycotoxin. It has strong oestrogenic effects due to its competition with 17-B-estradiol for binding to cytosolic oestrogen receptors in the uterus, hypothalamus, mammary gland and pituitary gland. ZEA and its metabolites have caused some reproductive disorders in swine and cattle. Previous in vitro studies showed that ZEA caused aneuploidy and abnormal embryo development in gilts (3, 4) . And ZEA has been reported to inhibit pig oocyte nuclear maturation (5) . Moreover, the exposure of ZEA has been associated with epidemics of premature thelarche in human (6) .
Epigenetics refers to changes in a phenotype which are mediated by altered gene expressions that are not the result of DNA sequence alterations. During oocyte development, chromatin and epigenetic changes include alterations of DNA methylation, global shifts in histone post-translational modifications and histone variant exchange. DNA methylation is a well characterised epigenetic modulator and has been shown to play a variety of crucial roles in aging, cell division and proliferation, and normal germline and embryo functions (7, 8) . In germ cells and early pre-implantation embryos, the mammalian genome undergoes profound reprogramming of the DNA methylation patterns (9) . In addition, the gamete methylation patterns from parents are erased by a genome-wide demethylation event upon fertilisation. These events are very important for early embryonic development. Available evidences from animal models indicate that exposure to reproductive toxicants during critical periods of mammalian development might induce persistent and heritable changes of epigenetic states. Previous study showed that one component of mycotoxin Fumonisin B 1 can induce hypermethylation of the DNA in C6 glioma cells, and combinations of Fusarium mycotoxins can increase DNA methylation level.
While histone proteins are the most abundant of nuclear proteins as DNA is wrapped around a histone octamer to form a nucleosome (10) . Numerous studies suggest that histone modifications have also been linked to cellular processes, including meiosis (11) and mitosis (12, 13) . Recently, histone methylations were found to be crucial for early embryonic stem cells (14) . At the peri-ovulatory stage, the levels of di-and tri-methylation of histone 3 at lysines 4 and 9 (H3K4me2/3 and H3K9me2/3) both increase and peak (15) . It was also shown that H3K9me1 and 2 were dynamically and sex-differentially regulated during the meiotic prophase. The biochemical evidences strongly indicate that a specific set of H3K9 methyltransferases and demethylases coordinately regulate gametogenesis (16) . In the mouse embryo, global lysine residue 27 of histone H3 (H3K27) methylation patterns undergo dramatic changes during cleavage development (17) . And loss of the H3K27 methyltransferase Enhancer of Zeste 2 (EZH2) causes early post-implantation embryonic lethality (18) , suggesting a role for H3K27 methyltransferase in oogenesis and very early embryo development. In human, histone methylase MLL1 overexpressed upon exposure to a food contaminant mycotoxin, deoxynivalenol (19) .
In this study, we found that the developmental competence of mouse maturated oocyte was affected in mice by ZEA treatment; and we explored the possible mechanisms that were involved in this toxic effect from an epigenetic modification perspective. We examined the DNA methylation rate, H3K4 methylation rate, H3K9 methylation rates, H3K27 methylation rates and H4K20 methylation rates on reduced maturated oocyte developmental competence. Our results showed that DNA methylation status and histone methylation status were altered after ZEA treatment.
Materials and methods

Antibodies and chemicals
A mouse monoclonal anti-5-methyl cytosine (5mC) antibody, rabbit polyclonal anti-H3K9me1 antibody, rabbit polyclonal anti-H3K9me3 antibody, rabbit monoclonal anti-H3K27me3 antibody, rabbit polyclonal anti-H4K20me1 antibody, rabbit polyclonal anti-H4K20me2 antibody and rabbit polyclonal antiH4K20me3 antibody were from Abcam (Cambridge, UK). A rabbit polyclonal anti-H3K9me2 antibody was from Upstate (Billerica, MA, USA). A rabbit monoclonal anti-H3K27me2 antibody was from Cell Signaling Technology (Beverly, MA, USA). Alexa Fluor 488 goat anti-rabbit antibody and Alexa Fluor 594 goat anti-mouse antibody were from Invitrogen (Carlsbad, CA, USA). mice (Nanjing, Qinglongshan Experimental Animal Center) were used (weights: 18-22 g). Germinal vesicle-intact oocytes were harvested from ovaries of mice; 10 mg ZEA (Sigma) was dissolved in 3-ml dimethyl sulphoxide (DMSO). Lowdose group germinal vesicle (GV) stage oocytes were cultured in 10 μM ZEA for 12 h and the dilution was made in M2 medium. High-dose group GV stage oocytes were cultured in 50 μM ZEA for 12 h and the dilution was made in M2 medium. The control group oocytes were cultured in M2 containing the corresponding DMSO percentage for 12 h. The final DMSO concentration administered to oocytes was 0.1 and 0.5%. After culturing, some eggs were incubated in activating medium for 7 min at room temperature. The activating medium was M2 which containing 7% ethanol. After activating, eggs were washed with potassium-enriched simplex optimized medium (KSOM). Then, they were incubated in KSOM at 37°C in a humidified atmosphere with 5% CO 2 for culture to the four-cell stage. The other eggs were harvested for immunostaining.
Confocal microscopy
For staining of 5mC, eggs were fixed in 4% paraformaldehyde in phosphatebuffered saline (PBS) at room temperature for 1 h. They were then transferred to a membrane permeabilisation solution (0.5% Triton X-100) for 30 min. After washing with PBS containing 1% bovine serum albumin (BSA) (PB1), eggs were denatured with 4 N HCl for 10 min, neutralised with 100 mM Tris-HCl, pH 8.5, for 10 min and then incubated in PBS containing 0.05% Tween-20 at 4°C overnight or at room temperature for 1 h. Subsequently, eggs were incubated at room temperature for 1 h with a mouse anti-5mC antibody (1:1000). After three washes in PB1, they were labelled with an Alexa Fluor 594 goat anti-mouse antibody (1:1000) at room temperature for 40 min. They were costained with DAPI (4′,6-diamidino-2-phenylindole) for 35 min with three additional washes in PB1.
For single staining of H3K4me2; H3K9me1, me2 and me3; H3K27me2 and me3 and H4K20me1, me2 and me3, eggs were fixed in 4% paraformaldehyde in PBS at room temperature for 1 h. They were then transferred to membrane permeabilisation solution (0.5% Triton X-100) for 30 min. After washing with PBS containing 1% BSA (PB1), eggs were incubated with rabbit anti-H3K4me2; H3K9me1, me2, me3; H3K27me2, me3; H4K20me1, me2, me3 antibodies (1:200) overnight at 4°C and then stained with Alexa Fluor 488 goat anti-rabbit antibody (1:500) at room temperature for 40 min. After three washes in PB1, eggs were stained with DAPI for 35 min.
Samples were mounted on glass slides and examined under a confocal laserscanning microscope (Zeiss LSM 700 META; Jena, Germany). At least 15 eggs were examined for each group.
Fluorescence intensity analysis
Eggs in the control and experimental groups were mounted on the same glass slide, and the same scanning settings were used for sample scanning with a Zeiss LSM 700 META confocal system. Image J (NIH) software was used to analyse egg fluorescence intensity levels. A region of interest (ROI) was defined for the chromosome of egg, and the average fluorescence intensity per unit area within the ROI was determined. Independent measurements using identically sized ROIs were taken, the average values of all measurements were used to determine the final average intensity between control and treatment groups; 30 eggs were analysed in each group.
RNA purification and quantitative real-time PCR
The total messenger RNA (mRNA) was extracted from eggs which were cultured in ZEA for 8.5 and 12 h from GV stage by using Dynabeads mRNA DIRECT TM kit (Invitrogen) according to the manufacturer's instructions. The first complementary DNA strand was synthesised using PrimeScript TM RT Master Mix (Takara). Quantitative real-time PCR was carried out using fast real-time PCR systems (ABI Step One Plus). Triple samples were analysed for each gene, and β-actin was used as control gene. The expression level was evaluated by 2 −ΔΔCt . Primers are shown in supplementary Table S1, available at Mutagenesis Online.
Statistical analysis
For each treatment, three replicates were done with results expressed as means ± SEMs. Statistical comparisons were made by independent sample t-tests. A P value of <0.05 was considered significant.
Results
ZEA decreases the developmental competence of maturated oocytes
In this study, we first examined the effects of ZEA on maturated oocyte developmental competence. Eggs were harvested from ovaries of mice and were cultured 12 h. To avoid possible sperm-related effects, we chose parthenogenetic activation of maturated oocytes to study effects of ZEA on oocyte developmental competence. The activation rate of maturated oocytes decreased significantly after treatment (0.273 ± 0.050 and 0.29 ± 0.044 vs. 0.518 ± 0.034; P < 0.05; Figure 1 ).
ZEA increases DNA methylation level in mouse eggs
Next we aimed to explore the cause of the low developmental competence of maturated oocytes after ZEA treatment. We first examined the DNA methylation level. GV stage oocytes were harvested and cultured in three different dose ZEA solutions. After culturing, eggs were harvested for immunostaining and observed under a confocal microscope for the level of 5mC. As shown in Figure 2A , there was no significant difference in 5mC level between the control and low-dose ZEA group; whereas in the high-dose ZEA group, 5mC level was significantly increased. Quantitative analysis indicated that the 5mC level in the low-dose ZEA group did not differ from that of the control group (1.065 ± 0.048 vs. 1.0; P > 0.1). In contrast, the 5mC level in the high-dose ZEA group was significantly increased as compared with the control group (1.664 ± 0.020 vs. 1.0; P < 0.05; Figure 2B ). Next we examined the mRNA expressions of DNA methyltransferases (DNMT1, DNMT3a, DNMT3b and DNMT3l) by quantitative PCR analysis. In the oocytes that were cultured in ZEA for 8.5 and 12 h the DNMTs mRNA expression levels did not differ from that of the control group ( Figure 2C ). This indicated that ZEA increased the DNA methylation level in eggs; however, ZEA did not alter the relative expression of DNMTs mRNA.
ZEA decreases H3K4me2 level in mouse eggs
To examine whether ZEA affected lysine methylation of histone associated with the gene transcription activation, we examined H3K4 methylation in the eggs by immunofluorescent staining. The H3K4me2 fluorescence intensity in ZEA treatment group eggs was significantly reduced ( Figure 3A) . Quantitative analysis for mean H3K4 methylation fluorescence intensity supported the result (0.74 ± 0.018 and 0.785 ± 0.05 vs. 1.0; Oocytes were collected at 8.5 and 12 h after GV stage oocytes were cultured, and RNA was reversetranscribed to complementary DNA. It was used as a template to evaluate the expression of DNMTs mRNA by quantitative real-time PCR. White bar, control; light gray bar, oocytes were cultured in 50 μM ZEA for 8.5 h; dark gray bar, oocytes were cultured in 50 μM ZEA for 12 h. *, significantly different (P < 0.05). P < 0.05; Figure 3B ). The result showed that ZEA decreased H3K4me2 level.
ZEA decreases H3K9me3 level in mouse eggs
We next examined lysine methylations of histone associated with the gene transcription silence. Firstly, we examined the levels of H3K9me1, H3K9me2 and H3K9me3. There were no significant differences in the levels of H3K9me1 and H3K9me2 between the control and the treatment groups ( Figure 4A and C). Quantitative analysis indicated that the mean fluorescence intensities of H3K9me1 and H3K9me2 in the treatment groups were not different from that those in the control group (0.916 ± 0.042 and 0.972 ± 0.102 vs. 1.0; and 0.932 ± 0.101 and 0.921 ± 0.046 vs. 1.0; P > 0.1; Figure 4B and D) . However, compared with the control group, the fluorescence intensity of H3K9me3 in high-dose ZEA treatment group eggs was significantly decreased ( Figure 4E ). Quantitative analysis showed that there was a significant difference in the mean H3K9me3 fluorescence intensity between the control group and the high-dose ZEA treatment group (0.808 ± 0.036 vs. 1.0; P < 0.05; Figure 4F ). These results showed that ZEA had no effects on H3K9me1 and H3K9me2 levels, but ZEA decreased H3K9me3 level.
ZEA decreases H4K20 methylation levels, but not H3K27 methylations in mouse eggs
Finally, we examined the H4K20 methylations by immunofluorescent staining. The H4K20me1, H4K20me2 and H4K20me3 fluorescence intensities in high-dose ZEA treatment group eggs were significantly reduced ( Figure 5A ,C and E). Quantitative analysis for mean H4K20 methylation fluorescence intensity supported these results (0.577 ± 0.099 vs. 1.0; 0.839 ± 0.031 vs. 1.0; and 0.598 ± 0.042 vs. 1, P < 0.05; Figure 5B ,D and F). These results showed that ZEA decreased H4K20me1, H4K20me2 and H4K20me3 levels.
We also examined whether ZEA altered the H3K27 methylation levels in the eggs by immunostaining. As shown in supplementary Figure S1A and C, available at Mutagenesis Online, there was no significant difference in H3K27me2 and H3K27me3 levels between the control and treatment groups. Quantitative analysis for the mean H3K27 methylation fluorescence intensity supported these results (0.975 ± 0.057 and 0.946 ± 0.088 vs. 1.0; and 1.007 ± 0.146 and 0.848 ± 0.067 vs. 1.0, P > 0.1; supplementary Figure S1B and D, available at Mutagenesis Online). These results showed that ZEA had no effect on H3K27me2 and H3K27me3 levels.
Discussion
In this study, we investigated DNA methylation, H3K4 methylation, H3K9 methylation, H3K27 methylation and H4K20 methylation status in mouse eggs after ZEA treatment. We found that ZEA had effects on epigenetic modifications in mouse eggs, which may be one of the reasons for reduced maturated oocyte developmental competence.
Previous work showed that ZEA had a negative effect on the quality of porcine, gilt and bovine oocytes (20) (21) (22) . In sows, ZEA also affected blastocyst development (23) . Our previous work also showed that ZEA affected mouse oocyte maturation (24) . In present study we showed that the oocyte developmental competence was also affected by ZEA treatment, showing with low rate of parthenogenetic embryos.
Previous studies suggested that increases in epigenetic modifications were related to the acquisition of meiotic and developmental competence during oocyte maturation (25, 26) . To investigate the cause of reduced egg developmental competence, we first examined the DNA methylation level of mouse eggs. During oogenesis, to establish proper genome-wide DNA methylation for later embryo development and survival is a crucial event. Androgenetic and parthenogenetic embryos die before Day 10 of gestation in mice and have different phenotypes: 25-somite embryos with poor extraembryonic tissue and retarded embryos with proliferated trophoblasts. This may be associated with improper genomic imprinting in oocytes (27) . In females, genomic imprinting is related to increasing oocyte diameters and the expression of DNMTs. Moreover, embryos derived from Dnmt3a-or Dnmt3L-deficient oocytes developed normally until embryonic Day 8, but died by . Their loss at the stage refers to the dysregulated expression of imprinted genes. Our study indicated that DNA methylation level in mouse eggs was affected after ZEA treatment. This suggested that ZEA might affect DNA methylation via influencing the expressions of imprinted genes in eggs, and might further affected embryo development. Methylation establishment of imprinted genes begins at the postnatal oocyte growing stage and finishes at MII stage in female germline (31) . This process is catalysed by methyltransferase 3A, 3B and 3L (32, 33) . Therefore, we evaluated the expression of DNMTs mRNA. However, we found that the DNMTs mRNA expression in treatment group did not differ from that in control group. This indicated that ZEA affected DNA methylation protein level rather than via affecting DNMTs transcript level.
During mammalian oocyte maturation, the dynamic nature of histone modifications indicates that these modifications may have meiosis-specific roles. The families of the SET/mixed line age leukaemia (MLL) methyltransferases for the generation of H3K4me1/2/3 are essential for normal development in mammals. Loss of either lysine (K)-specific methyltransferase 2A (Kmt2a) or Kmt2b in oocytes results in anovulation and oocyte death (34, 35) . And the lysine (K)-specific demethylase 5 (Kdm5) demethylases as the demethylases of H3K4me2/3 are also essential for normal development in mammals. Kdm1a mutants display germline sterility and defects in ovary development recently (36) (37) (38) . Moreover, germ cells do not undergo de novo DNA methylation in the absence of Kdm1b during oogenesis (39) . These results indicated that H3K4 methylation may be involved into oogenesis and ovary development. Our study showed that ZEA affected the level of H3K4me2, which indicated that ZEA might affect oogenesis and ovary development via altering the H3K4me2 level.
Chromosome condensation which is the first visible process that occurs at the beginning of oocyte maturation is essential for the correct packaging of chromatin fibres into chromosomes and the subsequent fidelity of chromosome segregation into daughter cells. Previous study showed that H3K9 methylation levels were higher in surrounded nucleolus (SN-type) mouse oocytes than in non-surrounded nucleolus (NSN-type) oocytes (15) . The transition from an NSN to an SN configuration is crucial for acquiring full developmental competence by oocytes (40) , indicating H3K9 methylations are essential for full developmental competence of eggs. Our results showed that ZEA affected the level of H3K9me3, which indicated that ZEA might affect the chromatin configuration in eggs and then influence the developmental competence of eggs via altering the H3K9me3 level.
PR-Set7 was identified as a H4K20 monomethyltransferase. Previous study showed that mouse embryos that were homozygous null mutants for the gene PR-Set7 displayed early embryonic lethality prior to the eight-cell stage (41) . In addition, in PR-Set7 −/− flies, abnormal mitosis occurred because of chromosome condensation occurred before spindle formation (42) . These findings implicated PR-Set7 in regulating mitotic chromosome condensation and embryo development. Previous study showed that although there is a reduction in H4K20me3 level in mice two-cell stage embryos, this lower level remains until the blastocyst stage of development (43) . This indicates that H4K20me3 plays a role in embryo development. In H4K20 different forms, the specific lysine plays an important role in mitosis and during quiescence by facilitating compaction and the transition between proliferative and quiescent cell cycle states (44) . These results indicate that H4K20 methylations play important roles on the cell cycle, mitosis and embryo development. Our results suggested that ZEA affected the level of H4K20 methylation, which indicated that ZEA might affect mitotic chromatin compaction and the cell cycle progression of mouse eggs, which further affect the egg developmental competence.
In conclusion, our results indicate that ZEA causes altered epigenetic modifications, which may be one reason for the reduced oocyte developmental competence after ZEA treatment.
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